Motifs of 7-8 amino acids were designed from the b-continuous interfaces of non-related homo-oligomeric proteins. These peptides intrinsically self-assembled into nanoarchitectures in water, while retaining some properties of their parent interfaces, especially reversibility of assembly. These results reveal a novel source of native peptide tectons.
Proteins commonly function as homo-oligomers, with many of these complexes able to dissociate and associate readily in response to changing biological conditions. 1 Such subtle equilibria rely on finely tuned protein-protein interfaces, which provide the necessary structural versatility through sets of complementary non-covalent interactions. 2 These protein subunits appear to be optimised by evolution to drive protein self-assembly in a reversible and controlled manner. 1, 3 We hypothesised that the corresponding isolated interface sequences could serve as a source of native self-assembling motifs, or tectons, while retaining some of the parent interface properties as they self-assemble. Peptide tectons are defined as simple or minimal sequences able to spontaneously self-associate into well-defined nanoscale assemblies. 4 For the past two decades, peptide chemistry has focused on exploring design principles and sources of such motifs, towards downstream applications in bionanotechnology. 5 In the specific case of b-sheet-based motifs, tectons still remain difficult to design outside a few discrete families of bioinspired sequences, such as the cyclic D,L-peptides designed from the pore-forming gramicidin, 6 the diphenylalanine motif inspired from the high aromatic content in amyloid sequences, 7 the fragments 16-22 from the Ab amyloid peptide, 8, 9 the lanreotide peptide family designed as analogues of the self-assembling peptide hormone somatostatin-14, 10, 11 or the surfactant peptides inspired from lipid structures. 12 Novel generic sources of tectons will therefore widen the current set of available sequences with which to explore specific applications. To design the peptides, we focused on one of the simplest interface motifs, the b-continuous interface, previously estimated to represent about 15% of the reported protein oligomeric interfaces. 1 b-Continuous interfaces consist of antiparallel non-covalent close contacts of two identical b-strands from the two interacting protein units ( Fig. 1) . From a survey of the entire protein data bank for the key word 'homodimer' that resulted in >800 entries, we downsized the set of proteins to about 20 structures using the following unbiased criteria: (i) selecting native homo-oligomers with b-continuous interfaces, while excluding structures with ligands, to limit the complexity of the sets of interactions involved; (ii) excluding fragmented and complex interfaces, the latter being defined as involving multiple different secondary structure motifs; (iii) selecting only one representative interface from families of proteins with high sequence homology, to ensure sequence variety and a valid test of the hypothesis among different protein families. A statistical analysis performed on the interface sequences given by the PISA software for the final set of structures revealed that 90% contained 11 or fewer residues, 80% included at least one aromatic residue, all of the sequences contained at least 30% of hydrophobic residues, and 15% of charged residues (ESI †). The finally selected capped sequences (both N-acetylated and C-amidated to conserve the net charge of the corresponding interfaces) were chosen as representative of the entire set of homodimers examined.
The selected peptides of 7-8 residues, respectively, correspond to the b-continuous interfaces of (i) the bovine peroxiredoxin III homodimer within the dodecameric ring, 13 (ii) the bovine b-lactoglobulin homodimer, 14, 15 (iii) the Mycobacterium tuberculosis diaminopimelate decarboxylase homotetramer, 16 and (iv) the E. coli umud' protein homodimer 17 ( Fig. 1 and 2 , Table 1 ). All the corresponding oligomers exist in solution. 16, [18] [19] [20] To our knowledge, none of these peptides or similar sequences have been previously probed for assembly under any condition, except for a b-lactoglobulin motif similar to peptide 2, reported to assemble under denaturing conditions involving urea. 21 All four peptides formed birefringent hydrogels within the concentration range of 20-200 mg mL À1 in pure water, with liquid crystalline properties observed for at least three of them ( Fig. 2A-C , ESI † for peptide 3). Electron microscopy revealed that all four peptides spontaneously self-assemble in pure water into nanostructures with elongated morphologies (Fig. 3) : nanoribbons for peptide 1, bundles of nanofibrils for peptide 2, and single nanofibrils for peptides 3 and 4. Similar morphologies were obtained in high pH buffer (ESI †). These elongated nanostructures fall within the spectrum of morphologies previously reported for b-sheet self-assembling peptides. 22 The four peptides exhibited an expected propensity for b-sheet secondary structures at low concentrations in pure water (0.008 mg mL À1 ), as shown by the far-UV circular dichroism spectra with negative minima around 215-220 nm (Fig. 4A and B) . For the peptide hydrogels, FT-Raman spectra showed sharp amide I vibrations centered at 1660-1670 cm
À1
, which correspond to extended b-sheet networks 23 (Fig. 4C) .
In all four cases, the b-sheet networks were found to dissociate upon dilution, as shown by the ThT binding assays performed by dilution from an initial concentrated sample (1 day old) (Fig. 5) . TEM analysis confirmed nanostructure reversibility (ESI †). Reversibility has been previously reported for a few peptide nanostructures. 5, 11, 24 The ThT curves further suggest a higher critical concentration of assembly for peptide 3 than for the other peptides. Interestingly, this result correlates with the type of interface from which the peptides were at 40 mg mL À1 , and (C) peptide 4 at 150 mg mL À1 . Magnification Â100. Fluorescence intensity values just after dilution (white scatters), and 24 h after dilution (black scatters) of an initial sample equilibrated for 24 h (highest concentration).
